Lapachol acetate [systematic name: 3-(3-methylbut-2-enyl)-1,4-dioxonaphthalen-2-yl acetate], C 17 H 16 O 4 , was prepared using a modified high-yield procedure and its crystal structure is reported for the first time 80 years after its first synthesis. The full spectroscopic characterization of the molecule is reported. The molecular conformation shows little difference with other lapachol derivatives and lapachol itself. The packing is directed by intermolecular -and C-HÁ Á ÁO interactions, as described by Hirshfeld surface analysis. The former interactions make the largest contributions to the total packing energy in a ratio of 2:1 with respect to the latter.
Chemical context
Naphtoquinones are natural products characterized by a naphthalene ring system exhibiting a para-quinone motif in positions 1,4. They are natural pigments and normally substituted by hydroxyl or methyl groups or present as glycosides (Bruneton, 2001) . Among the natural products, they possess remarkable biological activity such as antibacterial, antifungal, antiparasitic, antiviral and anticancer (Babula et al., 2007; da Silva & Ferreira, 2016; Miranda et al., 2019; Araú jo et al., 2019; Barbosa Coitinho et al., 2019; Strauch et al., 2019) . Lapachol (2-hydroxy-3-(3-methyl-but-2-enyl)- [1, 4] naphthoquinone), isolated from Handroanthus Heptaphyllus (Vell.) Mattos, a native species from Paraguay, was studied as a hemisynthetic precursor of lapachol acetate {[3-(3-methyl-but-2-enyl)-1,4-dioxonaphthalen-2-yl]acetate} for the first time by Cooke et al. (1939) . Jacobsen & Torsell (1973) prepared lapachol acetate using 2-acetoxy-1,4-naphthoquinone as a precursor with 79% yield. We developed an optimization of the first synthesis of lapachol acetate developed by Cooke et al. (1939) , introducing several modifications with the purpose of standardizing it and increasing the yield to 97.5%. Details of the synthesis and the spectroscopic characterization are included in the supporting information. Noting that the crystal structure of lapachol acetate had not been reported, we also undertook the crystallization and structure determination.
Structural commentary
The lapachol acetate molecule (Fig. 1) is the ester of lapachol at the alcohol moiety (O2 in Larsen et al., 1992) . The molecule ISSN 2056-9890 is composed of three planar groups, the napthoquinone nucleus comprising atoms C1 to C11, O1, O2 and O4, and two smaller butenyl and acetate residues at the sides. The butenyl and acetate mean planes are inclined to the naphthoquinone mean plane by 65.80 (10) and 78.52 (11) , respectively. The lapachol acetate molecule shows typical bond distances and angles, and overlaps very closely with the common part of the lapachol molecule in the structure LAPA II reported by Larsen et al. (1992) (Fig. 2) , with an average deviation of C/O atomic positions of 0.158 Å and a maximum deviation of 0.309 Å for atom O4. This is rather unexpected, since the butenyl moiety shows rotational flexibility around the C3-C11 and C11-C12 bonds. However, in both reported lapachol polymorphs (Larsen et al., 1992) and two derivatives (Eyong et al., 2015; da Silva et al., 2012) reported in the CSD (Groom et al., 2016) with the same rotational freedom, the dihedral angle between the planar C C(CH 3 ) 2 group and the naphthoquinone nucleus is close to 70
, as observed in lapachol acetate.
Supramolecular features
Crystals of lapachol acetate are held together by weak dipolar and dispersion forces because there is no strong H-donor residue in the molecule. Molecules connect with other units through weak C(sp 3 )-HÁ Á ÁO C hydrogen bonds H11BÁ Á ÁO4 i and H15AÁ Á ÁO1 ii (Table 1 , Fig. S4a in the supporting information) defining double sheets of molecules parallel to (101). The butenyl residue of a screw-rotationrelated molecule adds an intermolecular -interaction with the naphtoquinone residue to the sheets with atoms C12
iii and C13
iii located at 3.243 and 3.544 Å , respectively, from the naphtoquinone plane (Fig. S4b) . Finally, the double sheets stack along the [101] direction where naphthoquinone nuclei of inversion-related molecules display -interactions. Ring 1 (C1-C4/C10/C9; centroid Cg1) of the molecule is close to ring 2 (C5-C10; centroid Cg2), the Cg2Á Á ÁCg1 iv distance being 3.8532 (12) Å ); Cg2Á Á ÁCg2 
Considering the Hirshfeld (HF) surface (Turner et al., 2017) mapped over d norm (analysis of the contact distances d i and d e from the HF surface to the nearest atom inside and outside, respectively), these interactions in one molecule are shown in Fig. 3a and the sheets of molecules defined by them in Fig. 3b . The 2D fingerprints of lapachol acetate (shown in Fig. S5 of the supporting information) show no particular features other than the aforementioned HÁ Á ÁO/OÁ Á ÁH contacts, which comprise 28.2% of the total HF surface, revealing their importance in the formation of the crystal.
In order to describe these interactions in a whole-of-molecule approach, accurate model energies of the interactions between molecules of lapachol acetate in the crystal were analysed. The interactions were calculated using the B3LYP/ 6-31 G(d,p) energy model implemented in CrystalExplorer (Turner et al., 2017) , which uses quantum mechanical charge distributions for unperturbed molecules (Mackenzie et al., 2017) . In the calculations, the total energy is modelled as the Overlay of a lapachol acetate (blue) and a lapachol (red) molecule (LAPA II molecule as described by Larsen et al., 1992) . Only the common C/O atoms were fitted. Table 1 Hydrogen-bond geometry (Å , ). 
Figure 1 ORTEP view of a lapachol acetate molecule with the labelling scheme, and displacement ellipsoids drawn at the 50% probability level. One of the two positions of the disordered C17 methyl group has been omitted for clarity. (101) sheets.
sum of the electrostatic (E ele ), polarization (E pol ), dispersion (E dis ) and exchange-repulsion (E rep ) terms (Mackenzie et al., 2017) . The strongest pairwise interaction with a total energy of À54.7 kJ mol À1 corresponds to the interaction between neighbouring aromatic systems, while the molecules connected through a combination of -interactions between the butenyl and naphtoquinone residues and C11-H11BÁ Á ÁO4
i hydrogen bonds have a total energy of À33.6 kJ mol À1 . The weakest interaction, C15-H15AÁ Á ÁO1 ii , shows a total energy of À18.3 kJ mol À1 (Fig. 4a ). The energy framework diagrams for lapachol acetate (Fig. 4b) show that electrostatic forces act to keep pairs of inversion-related chains of molecules joined while dispersion forces act in three dimensions to build the crystal structure. The total energy diagram shows a high resemblance to the dispersion framework, showing that these forces are the most important in the crystal. The interaction energies for selected molecular pairs in the first coordination sphere around the asymmetric unit are summarized in Table S1 and Fig. S6 of the supporting information.
Database survey
Lapachol and its derivatives are rather scarce in the Cambridge Crystal Structure Database (Version 5.40, update 2 of May 2019; Groom et al., 2016) with only 31 entries matching the basic C-O framework of lapachol. Two lapachol polymorphs LAPA I and LAPA II (Larsen et al., 1992) have been reported at 105 K, as mentioned above. Two additional lapachol derivatives obtained by replacing one H atom have been reported during the current decade: 4-(3-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-2-methylbut-2-enal (Eyong et al., 2015) is an aldehyde of lapachol at C15 and 3-(3-methylbut-2-en-1-yl)-1,4-dioxo-1,4-dihydronaphthalen-2-yl 4-methylbenzenesulfonate (Silva et al., 2012) is a sulfonate at O2. Lapachol acetate is the third derivative of this kind reported. Some lapachol derivatives where cyclization of the 3-methy-2-butenyl moiety or coordination with metals (as lapacholate) have additionally been reported, but are not related to lapachol acetate.
Synthesis and crystallization
Lapachol was obtained from an extract of Handroanthus Heptaphyllus (Vell.) Mattos, the pink trumpet tree (or lapacho negro) as described in the supporting information. 201 mg (0.823 mmol) of lapachol were dissolved in 5 ml of dry acetic anhydride and a catalytic amount of dry zinc chloride (ZnCl 2 ) was added. The suspension was refluxed for 30 min under an inert atmosphere (N 2 ). The solution was allowed to cool and 5 ml of glacial acetic acid and later 50 ml of distilled water were added. The final mixture was refluxed for 10 min and allowed to precipitate overnight. The crude solid was filtered, dried and purified by column chromatography (hexane: AcOEt, 9: 1 v/v) to obtain pure lapachol acetate as yellow crystals (see the detailed description of the obtention of lapachol and the synthesis of lapachol acetate in the supporting information and the detailed spectroscopic study in Figs. S1-S3). Adequate crystals for diffraction were obtained by dissolving a few mg of the solid in a minimum amount of AcOEt in a rubber-stop vial with a syringe needle through the center to promote slow evaporation of the solvent at room temperature.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 2 . H atoms were placed in calculated positions (C-H = 0.93-0.97 Å ) and included as riding contributions, with isotropic displacement parameters set at 1.2-1.5 times the U eq value of the parent atom. The C17 methyl group shows rotational disorder that was modelled with two positions that were refined with a fixed C-H bond distance but with rotational freedom (AFIX 147) converging at occupancies of 0.79 (3) and 0.21 (3). publCIF (Westrip, 2010) .
3-(3-Methylbut-2-enyl)-1,4-dioxonaphthalen-2-yl acetate
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (

